It is well known that exercise can have beneficial effects on insulin resistance by activation of glucose transporter. Following up our previous report that caveolin-1 plays an important role in glucose uptake in L6 skeletal muscle cells, we examined whether exercise alters the expression of caveolin-1, and whether exercise-caused changes are muscle fiber and exercise type specific. Fifity week-old Sprague Dawley (SD) rats were trained to climb a ladder and treadmill for 8 weeks and their soleus muscles (SOL) and extensor digitorum longus muscles (EDL) were removed after the last bout of exercise and compared with those from non-exercised animals. We found that the expression of insulin related proteins and caveolins did not change in SOL muscles after exercise. However, in EDL muscles, the expression of insulin receptor β (IRβ) and glucose transporter-4 (GLUT-4) as well as phosphorylation of AKT and AMPK increased with resistance exercise but not with aerobic exercise. Also, caveolin-1 and caveolin-3 increased along with insulin related proteins only in EDL muscles by resistance exercise. These results suggest that upregulation of caveolin-1 in the skeletal muscle is fiber specific and exercise type specific, implicating the requirement of the specific mode of exercise to improve insulin sensitivity.
Introduction
Exercise increases glucose uptake, and improves glucose homeostasis as well as insulin sensitivity in the skeletal muscle. For its molecular mechanism, it is reported that exercise leads to the increased expression of glucose transporter (GLUT-4) as well as its translocation from cytosol to membrane in skeletal muscle (Zierath, 2002) . The enhanced glucose uptake with exercise in skeletal muscle might be related to increased expression and activity of key proteins for insulin signaling such as insulin receptor (IR ), insulin receptor substrate (IRS)-1/2 and phosphatidylinositol 3-kinase (PI3-K) as well.
Caveolae are 50-100 nm sized invaginations in the cells (Sargiacomo et al., 1995) . A wide variety of signaling proteins, recruited following activation of various receptors such as protein kinase C, G proteins, or receptor tyrosine kinase, are found to increase in caveolae (Schlegel et al., 1998) . Caveolin is a 21-24 kDa protein in caveolae. The caveolin gene family consists of caveolins-1, -2, and -3. Caveolin-1 and -2 are co-expressed in many cell types to form a hetero-oligomer in the plasma membrane (Schlegel and Lisanti, 2000) , while the expression of caveolin-3 is muscle-specific (Song et al., 1996) . Caveolin-1 has a scaffolding domain within its NH2-terminal region. Through this domain, caveolin-1 interacts with G-protein -subunits, HRas, Src-family tyrosine kinases, PKC isoforms, EGF-R, Neu, and eNOS and regulates their activities (Razani and Lisanti, 2001; Abulrob et al., 2004; Cao et al., 2004) .
Exercise type and muscle fiber specific induction of caveolin-1 expression for insulin sensitivity of skeletal muscle Until now, the role of caveolin-1 in insulin signaling in muscle tissue has received little attention, probably caveolin-3 is expressed in a muscle specific manner and mutation of caveolin-3 cause limb girdle muscular dystrophy leading to apoptosis of skeletal muscle (Capanni et al., 2003; Smythe et al., 2003) . However, it was not clear whether insulin resistance was induced by caveolin-3 deficiency or by muscle abnormality. Therefore, we have compared the roles of caveolin-1 and caveolin-3 in insulin signaling in differentiated L6 skeletal muscle cells (Oh et al., 2006) .
We reported that caveolin-1 is involved in insulindependent glucose uptake via regulation of GLUT-4 translocation but not via IR pathway in muscle cells (Oh et al., 2006) . Because both exercise-and insulin-stimuli increase glucose uptake through the translocation of GLUT-4, several studies have examined whether both these stimuli share the same signaling intermediaries or not (Hayashi et al., 1997) .
Skeletal muscle is a mixture of two major fiber types (Schiaffino and Serrano, 2002) identified as type 1 (slow-twitch) and type 2 (fast-twitch) on the basis of their contractile and metabolic characteristics (Berchtold et al., 2000) . The soleus muscle (type 1) is mitochondria-rich and mainly uses oxidative metabolism for energy production during aerobic exercises such as treadmill and swimming (Wang et al., 2004) . In contrast, EDL muscle (type 2), which has low levels of mitochondrial content and oxidative enzymes, relies on glycolytic metabolism as a major energy source, for anaerobic exercise like ladder climbing (Berchtold et al., 2000; Olson and Williams, 2000) .
Therefore, we asked two questions. One is, whether the exercise training would be related with modulation of caveolin status in the muscle tissues concomitantly with GLUT-4 adjustment and insulin sensitivity. Another one is, whether the exercise effect is muscle fiber specific or exercise type specific rather than general to all the muscles and exercise.
In this study, we provided resistance and aerobic exercise training to 50 week-aged rats for mobilizing the soleus and EDL muscles specifically, and examined whether the expression of caveolin-1 following each exercise was different and muscle type specific.
Materials and Methods

Reagents
The reagents used in this study and the sources from which they were purchased were as follows: Monoclonal anti-caveolin-1, -2, and -3 antibodies (BD Transductions, Palo Alto, CA); polyclonal antiAkt, -AMPK, phospho-Akt and phosphor-AMPK antibodies (Cell Signaling Technology, Berverly, MA); antibodies against IR was from Upstate (Lake Placid, NY), anti-GLUT-4 antibody (Santa Cruz, CA); anti-tubulin antibody (Sigma, St. Louis, MO); HRP-conjugated anti-rabbit, anti-mouse and anti-goat antibodies (secondary antibodies) (Zymed, San Francisco, CA); and chemiluminescent detection systems (Pierce, Rockford, IL) Animals Female Sprague-Dawley rats, aged 50 weeks (weighing around 300 g) were obtained from Dae Han Bio-Link, Korea and cared for according to the Guide Principles for the Care and Use of animals. They were, housed at 22 ± 2 o C with 50% relative humidity maintained at a 12:12 h dark-light cycle, and fed standard chow (Purina Mills Inc.) ad libitum.
After a week of adaptation, they were divided randomly into two groups: CON, (age-matched, non-exercised controls, n = 7), RE, (resistance exercised with ladder climbing, n = 8), and AE (aerobic exercised with treadmill, n = 8).
Exercise protocol A ladder made in our laboratory (1 m of height, 2 cm grids and 85 degree of inclination) was used for the resistance training. After a week of adaptation, resistance training was begun using conical tubes attached to the base of tail with tape, a Velcro strap and a hook. Varying weights were inserted into the conical tube and the rats were forced to climb the ladder to the top by grooming action on the tail. The exercise was given at 2-3 p.m. three times per week. The first load started at 50% of their body weight and increased 180% of their body weight as the rats improved in their exercise ability. When the rats reached the top of the ladder, they were allowed to rest for 2 min. Aerobic exercise was performed by treadmill running for 8 weeks, three times per week. During a week of adaptation, the rats were made to exercise on the treadmill at a velocity of 7 m/min band, and during the main training, belt speed was 20 m/min and duration of running time was increased from 40 min (1-2 th week) to 50 min (3-8 th week).
Western blot analysis
Tissues were solubilized with a lysis buffer containing 1% SDS. Thirty g of proteins from the lysates were resolved by 12% SDS-PAGE, transferred to nitrocellulose membranes, incubated with specific antibodies and visualized by blotting with HRP-conjugated secondary antibodies.
Immunohistochemistry
Muscle tissue was cut in 4 m consecutive sections on a cryostat, and the sections were immediately collected on glass slides, to be used for hematoxylin-eosin (H&E) and immunohistological staining. Sections were preincubated in 3.0% H 2 O 2 to quench endogenous peroxidase and then washed in TBS buffer (0.05 M, pH 7.6). Slides were blocked in 5% skim milk for 1 h at room temperature and then incubated at 4 o C overnight with caveolin-1 (1:100). The avidin-biotin peroxidase complex method following the LSAB kit was used, and slides were counterstained with hematoxylin. Slides were dehydrated sequentially in ethanol, cleared with xylenes, and mounted with Permount.
Statistics
All results are presented as the mean ± S.E.M. Statistical analyses were performed using pair-wise comparisons (t-test) and evaluated for Fisher's least significant differences. Statistical significance was assumed at P ＜ 0.05.
Results
We examined the effect of aerobic and resistance exercise on the expression of caveolins in the skeletal muscles in vivo, employing soleus and EDL muscle lysates obtained from the animals exercised as described above.
In order to test whether insulin sensitivity is fiber specific or exercise type specific, we analyzed phosphorylation of Akt and AMP-activated protein Figure 1 . Expression of caveolins and insulin related proteins in soleus muscle during aerobic or resistance exercise. Soleus muscles obtained from exercised and non-exercised rats were studied as described in Materials and Methods. (A) Soleus muscle lysate (30 g) from resistance (RE), aerobic (AE) and non-exercised (CON) rat were subjected to SDS/PAGE (12% gels) and immunoblotted with anti-Akt, AMPK, phospho-Akt (p-Akt) and phospho-AMPK (p-AMPK). (B) Quantitative analysis of Western blots. The relative fold changes in p-Akt and p-AMPK to its control bands on Western blots were quantitated by densitometric analysis. Each bar represents the mean ± SEM (n = 3). (C), Muscle tissue lysates were prepared as described in Figure 1A and protein samples were analyzed by immunoblotting with anti-insulin receptor (IR ), GLUT-4, caveolin-1 (CAV-1), caveolin-2 (CAV-2), caveolin-3 (CAV-3) and tubulin (TUBULIN). (D) Quantitative analysis of Western blots. Relative abundance of each band was estimated by densitometric analysis. Each bar is the mean ± S.E.M of fibers from 8 rats.
kinase (AMPK). Exercise specific increases in Akt activation (p-Akt) or AMPK (p-AMPK) by muscle fiber type were shown in Figure 1 (A and B) and Figure 2 (A and B) . Phosphorylated Akt and AMPK were high in only EDL muscle by resistance exercise (Figure 2A and B) .
As shown in Figure 1 , the expressions of the insulin related proteins, IR and GLUT-4, and caveolins did not change in the soleus muscle after either resistance or aerobic exercise training, compared to unexercised rats ( Figure 1C and D) . In contrast, the expressions of insulin related proteins increased significantly after resistance exercise training in EDL muscles. Furthermore, caveolin-1, caveolin-2 and caveolin-3 also significantly increased (P＜0.05) (Figure 2C and D) . Quantitative western blotting showed that expressions of caveolins increased 1.5-1.8 fold following the resistance exercise training parallel with the induction of insulin signaling molecules ( Figure 2C ). By immunohistochemistry, we confirmed that caveolin-1 in skeletal muscle fibers showed an increased staining of the cellular membrane of muscle fiber following resistance exercise in EDL muscle (Figure 3) as the same pattern of caveolin-1 protein level (Figure 2 ).
Discussion
Exercise increases whole body glucose utilization and improves insulin sensitivity (Zierath, 2002) , both of which are mediated via increased expression of GLUT-4 as well as insulin-signaling molecules (Kirwan et al., 2000; Yu et al., 2001) . The degree of Figure 2 . Expression of caveolins and insulin related proteins in EDL muscle during resistance exercise. (A) EDL muscles obtained from exercised and non-exercised rats were studied as described in Materials and Methods. EDL muscle lysate (30 g) from resistance (RE), aerobic (AE) and non-exercised (CON) rat were subjected to SDS/PAGE (12% gels) and immunoblotted with anti-Akt, AMPK, phospho-Akt (p-Akt) and phospho-AMPK (p-AMPK). (B) Quantitative analysis of Western blots. The relative fold changes in p-Akt and p-AMPK to its control bands on Western blots were quantitated by densitometric analysis. Each bar represents the mean ± SEM (n = 3). (C) Muscle tissue lysates were prepared as described in Figure 2A and protein samples were analyzed by immunoblotting with anti-insulin receptor (IR ), GLUT-4, caveolin-1 (CAV-1), caveolin-2 (CAV-2), caveolin-3 (CAV-3) and tubulin (TUBULIN). (D) Quantitative analysis of Western blots. Relative abundance of each band was estimated by densitometric analysis. Each bar is the mean ± S.E.M of fibers from 8 rats.
expression of the GLUT-4 as well as its translocation to membrane is suggested to be important for the regulation of glucose homeostasis (Dohm, 2002) .
Previously, we found that caveolin-1 is involved in insulin-dependent glucose uptake via regulation of GLUT-4 translocation in muscle cells (Oh et al., 2006) . Therefore, we questioned whether expression of caveolins would be also upregulated by exercise training with insulin sensitivity as the case of GLUT-4.
It was reported that insulin response to skeletal muscle is different between type 1 and type 2 muscles, as reported that peak insulin receptor (IR) tyrosine phosphorylation was reached after 6 min in soleus but 20 min in EDL (Song et al., 1999) . Protein expression of the p85 subunit of PI3-K and Akt, but not of IR, IRS-1 was greater in oxidative muscle than glycolytic muscle.
In exercise responses, it is generally known that soleus muscle is involved in aerobic exercise, and EDL muscle is involved in resistance exercise (Trappe et al., 2004; Mittendorfer et al., 2005) . However, some studies regarding the adaptation of insulin related proteins in the fiber type specific muscles to exercise training is confusing. Rodnick et al. (1990) found an increase in GLUT-4 protein concentration in plantaris but not in soleus muscles of rats trained by voluntary wheel running. In another study, it was found that glucose uptake was increased in soleus muscles of rats trained by swimming; neither GLUT-4 protein concentration nor mitochondrial enzyme levels were measured in the soleus (Ploug et al., 1990) . Therefore, the mechanism of muscle protein balance by exercise has not been fully understood yet. Especially the fiber specific mode of exercise effect is not clear.
Under the assumption that expression of caveolins might influence the insulin sensitivity of muscle tissue, we monitored the exercise type dependent induction of caveolins in muscle fiber type specific manner. The metabolic response of muscle tissue to the exercise or insulin has been extensively studied (Atherton et al., 2004) . However, the relation of insulin sensitivity with caveolin status in the muscle fiber specific and exercise type specific manner has not been studied yet.
The serine/threonine kinase AKT, a downstream target of PI3-kinase, has been implicated to play a role in glucose transport (Kohn et al., 1995) . AMPactivated protein kinase (AMPK) also has been known as an important mediator of muscle contraction-induced glucose transport (Winder, 2001; Fujii et al., 2006) and is used to promote the glucose transport. We demonstrate here that the insulin sensitivity was not affected by aerobic exercise training in soleus muscle, but significantly increased only in EDL muscles by resistance exercise training (Figure 1 and 2) . Accordingly, expression levels of IR as well as GLUT-4 significantly increased in EDL muscles only by resistance exercise, and not by aerobic exercise training (Figure 2) . Also, we found that the expressions of caveolins increased in parallel with those of all the insulin sensitivity related proteins (Figure 2 and 3) . This suggests that the expression of caveolins may be correlated with insulin sensitivity and be involved in the metabolic responses to exercise training in the muscle fiber-specific and exercise type-specific manners.
Although it is not clear whether changes in caveolins precede or follow those of GLUT-4 and IR , our results demonstrate for the first time, that the expression of caveolin-1 is increased following an exercise bout in muscle fiber specific and exercise type specific pattern.
Caveolin-1 participates in cellular trafficking and that it contains many molecules including dynamin, and several SNARE proteins (Schnitzer et al., 1995; Liu et al., 2002) . SNARE proteins and their acce- Figure 3 . Caveolin-1 protein staining in SOL and EDL muscle in response to exercise. Soleus (SOL) and EDL (EDL) muscles obtained from exercised (RE, resistance exercise; AE, aerobic exercise) and non-exercised (CON) rats were studied as described in Materials and Methods. The caveolin-1 protein is predominantly localized at the cell membrane of the muscle fibers.
ssory proteins are required for the final fusion of GLUT-4-containing vesicles by integrating GLUT-4 protein into the plasma membrane (Saltiel, 2001) . Therefore, induction of caveolin in the muscle tissue would facilitate the translocation of GLUT-4 to the membrane, which might contribute to the insulin sensitivity.
Caveolin-2 was reported to be co-expressed with caveolin-1 in general, and form hetero-oligomeric complexes (Rothberg et al., 1992; Kwak et al., 2005) . As shown in Figure 1 and 2, patterns of caveolin-2 protein expressions are same as caveolin-1. Moreover, the expression of caveolin-3 increased in parallel with that of caveolin-1 in EDL muscles following exercise (Figure 2) . It was reported that expression of caveolin-3 mRNA in the heart was higher in the exercise-trained SHR rats than in the non-exercise SHR rats (Lee et al., 2006) . Also, we previously observed that caveolin-3 was co-expressed with caveolin-1 in skeletal muscle tissue and that they interact in L6 skeletal muscle cells (Capozza et al., 2005; Oh et al., 2006) . Therefore, one might assume that increased expression of caveolin-1 would affect the expression of caveolin-3 (Figure 2) .
The induction of caveolin-1 and -3 in EDL muscle with concomitant increase of p-AKT and p-AMPK as well as induction of GLUT-4 only after resistance exercise training may suggest a specific mode of exercise to be applicable for the improvement of insulin sensitivity in type 2 muscle tissues.
Moreover, it was reported that caveolin-1 expression markedly decreased in aged rat skeletal muscle (Kawabe et al., 2001) , and that the age-related reduction of insulin sensitivity is associated with age-related decrease in type 2 fiber muscle (Gaster et al., 2000) . Therefore, it could be presumed that the restoration of type 2 fiber muscle by resistance exercise and the induction of caveolins in those muscle tissue would contribute greatly to improvement of insulin sensitivity of the skeletal tissue in aged organisms and consequently to prevention of age-related type 2 diabetes.
In conclusion, expression of insulin related proteins and caveolins were increased with insulin sensitivity by resistance exercise training in 50 week old rat skeletal muscle, especially of type 2 fibers, suggesting that up-regulation of caveolin-1 might be an important molecular response to exercise training. Studies on the elucidation of the underlying molecular mechanisms, currently underway in our laboratory, might lead to rational approaches to the treatment and management of insulin resistance and aging dependent type 2 diabetes.
